Rotavirus nonstructural protein 4 (NSP4) induces dramatic changes in cellular calcium homeostasis. These include increased endoplasmic reticulum (ER) permeability, resulting in decreased ER calcium stores and activation of plasma membrane (PM) calcium influx channels, ultimately causing a 2-to 4-fold elevation in cytoplasmic calcium. Elevated cytoplasmic calcium is absolutely required for virus replication, but the underlying mechanisms responsible for calcium influx remain poorly understood. NSP4 is an ER-localized viroporin, whose activity depletes ER calcium, which ultimately leads to calcium influx. We hypothesized that NSP4-mediated depletion of ER calcium activates store-operated calcium entry (SOCE) through activation of the ER calcium sensor stromal interaction molecule 1 (STIM1). We established and used a stable yellow fluorescent protein-expressing STIM1 cell line (YFP-STIM1) as a biosensor to assess STIM1 activation (puncta formation) by rotavirus infection and NSP4 expression. We found that STIM1 is constitutively active in rotavirus-infected cells and that STIM1 puncta colocalize with the PMlocalized Orai1 SOCE calcium channel. Expression of wild-type NSP4 activated STIM1, resulting in PM calcium influx, but an NSP4 viroporin mutant failed to induce STIM1 activation and did not activate the PM calcium entry pathway. Finally, knockdown of STIM1 significantly reduced rotavirus yield, indicating STIM1 plays a critical role in virus replication. These data demonstrate that while rotavirus may ultimately activate multiple calcium channels in the PM, calcium influx is predicated on NSP4 viroporin-mediated activation of STIM1 in the ER. This is the first report of viroporin-mediated activation of SOCE, reinforcing NSP4 as a robust model to understand dysregulation of calcium homeostasis during virus infections. C alcium (Ca 2ϩ ) is a ubiquitous secondary messenger, and the concentration of intracellular Ca 2ϩ is tightly regulated. As obligate intracellular parasites, viruses subvert host cell pathways to support robust virus replication. Many viruses disrupt host Ca 2ϩ homeostasis in order to establish a cellular environment conducive for virus replication and assembly (1). One well-established hallmark of rotavirus (RV) infection is dramatic changes in cellular Ca 2ϩ homeostasis, including increased permeability of the endoplasmic reticulum (ER), resulting in decreased ER Ca 2ϩ stores and activation of Ca 2ϩ influx channels in the plasma membrane (PM), ultimately resulting in an elevated cytoplasmic Ca 2ϩ concentration ([Ca 2ϩ ]cyto) (2-4). While both ER Ca 2ϩ stores and extracellular Ca 2ϩ contribute to the increased [Ca 2ϩ ]cyto, the extracellular pool is much greater than the ER stores; therefore, Ca 2ϩ influx through the PM likely accounts for the bulk of the increase in [Ca 2ϩ ]cyto in RV-infected cells. Using expression of individual recombinant RV proteins, nonstructural protein 4 (NSP4) was identified as the sole RV protein responsible for the elevation in [Ca 2ϩ ]cyto levels in Sf9 insect cells and a variety of mammalian cell lines, and NSP4 recapitulates all of the changes in Ca 2ϩ homeostasis observed in RV-infected cells (5, 6). Because the NSP4-induced rapid and sustained increase in [Ca 2ϩ ]cyto is absolutely required for RV replication, several studies have sought to define the underlying mechanisms responsible for the elevation in [Ca 2ϩ ]cyto (4, 5, 7). These studies largely agreed that NSP4 functions in the ER to elevate [Ca 2ϩ ]cyto, and we recently determined that NSP4 elevates [Ca 2ϩ ]cyto by functioning as a viroporin, which is a member of a diverse class of virus-encoded pore-forming and ion channel proteins (8).
) is a ubiquitous secondary messenger, and the concentration of intracellular Ca 2ϩ is tightly regulated. As obligate intracellular parasites, viruses subvert host cell pathways to support robust virus replication. Many viruses disrupt host Ca 2ϩ homeostasis in order to establish a cellular environment conducive for virus replication and assembly (1) . One well-established hallmark of rotavirus (RV) infection is dramatic changes in cellular Ca 2ϩ homeostasis, including increased permeability of the endoplasmic reticulum (ER), resulting in decreased ER Ca 2ϩ stores and activation of Ca 2ϩ influx channels in the plasma membrane (PM), ultimately resulting in an elevated cytoplasmic Ca 2ϩ concentration ([Ca 2ϩ ]cyto) (2) (3) (4) . While both ER Ca 2ϩ stores and extracellular Ca 2ϩ contribute to the increased [Ca 2ϩ ]cyto, the extracellular pool is much greater than the ER stores; therefore, Ca 2ϩ influx through the PM likely accounts for the bulk of the increase in [Ca 2ϩ ]cyto in RV-infected cells. Using expression of individual recombinant RV proteins, nonstructural protein 4 (NSP4) was identified as the sole RV protein responsible for the elevation in [Ca 2ϩ ]cyto levels in Sf9 insect cells and a variety of mammalian cell lines, and NSP4 recapitulates all of the changes in Ca 2ϩ homeostasis observed in RV-infected cells (5, 6) . Because the NSP4-induced rapid and sustained increase in [Ca 2ϩ ]cyto is absolutely required for RV replication, several studies have sought to define the underlying mechanisms responsible for the elevation in [Ca 2ϩ ]cyto (4, 5, 7) . These studies largely agreed that NSP4 functions in the ER to elevate [Ca 2ϩ ]cyto, and we recently determined that NSP4 elevates [Ca 2ϩ ]cyto by functioning as a viroporin, which is a member of a diverse class of virus-encoded pore-forming and ion channel proteins (8) .
Although different viroporins target a range of subcellular compartments and ions, they all have similar structural motifs, including being oligomeric, having a cluster of basic residues, and having an amphipathic alpha-helix that upon oligomerization form the aqueous channel through a membrane (8) . NSP4 is an ER-localized glycoprotein with pleiotropic functions during RV replication (9) . The NSP4 viroporin domain is comprised of amino acids (aa) 47 to 90, and this domain is critical for elevation of [Ca 2ϩ ]cyto, since mutation of either the cluster of basic residues or amphipathic alpha-helix abolishes the observed elevation in [Ca 2ϩ ]cyto (8) . Therefore, viroporin activity in the ER is the primary NSP4 function that initiates the global disruption in cellular Ca 2ϩ homeostasis (8) . However, the mechanism by which NSP4 viroporin activity in the ER membrane is linked to activation of Ca 2ϩ uptake through the PM has not been defined.
The coordinated regulation of Ca 2ϩ release from the ER and subsequent Ca 2ϩ entry across the PM to replenish ER stores was first identified by Putney and termed "capacitative Ca 2ϩ entry" (10) This model has been refined to show that activation of these PM Ca 2ϩ entry channels is a direct consequence of ER Ca 2ϩ store depletion and is now termed "store-operated calcium entry" (SOCE) (11, 12) . SOCE is a homeostatic cellular mechanism by which the ER Ca 2ϩ store levels are measured and maintained to ensure proper Ca 2ϩ -mediated signaling (12) . ER Ca 2ϩ levels are sensed by stromal interacting molecule 1 (STIM1). STIM1 is an ER single transmembrane glyco/phosphoprotein that senses ER Ca 2ϩ levels through a low-affinity EF-hand Ca 2ϩ binding site located within its N-terminal domain in the ER lumen. Depletion of ER Ca 2ϩ stores, by inosital-1,4,5-triphosphate-or ryanodine receptor-mediated release through ER Ca 2ϩ release channels or thapsigargin (TG)-mediated inhibition of the sarcoendoplasmic reticulum ATPase (SERCA) pump, reduces ER Ca 2ϩ levels and causes Ca 2ϩ to dissociate from the STIM1 EF-hand. Loss of Ca 2ϩ from the EF-hand causes a conformational change in STIM1 that induces the formation of STIM1 oligomers, representing the active form of this molecule. STIM1 oligomers remain embedded in the ER membrane but rapidly move to ER-PM junctions, which are areas of the cell where the ER membrane is closely juxtaposed to the PM (e.g., junctional ER). It is in these ER-PM junctions that the extended cytoplasmic C terminus of STIM1 binds to Ca 2ϩ -release-activated Ca 2ϩ (CRAC) channels in the PM (13) . The canonical CRAC channel is Orai1, a pentameric Ca 2ϩ -selective ion channel that is gated (i.e., the channel is open) by a direct interaction with the CRAC activation domain (CAD) found within the STIM1 cytoplasmic tail (14) . Although there are three members of the Orai channel family (Orai1 to Orai3), because STIM1 and Orai1 are sufficient for generation of CRAC Ca 2ϩ currents, Orai1 is widely considered the primary channel activated by Ca 2ϩ store release and STIM1 activation. In addition to the Orai channel family, members of the transient receptor potential canonical (TRPC) ion channel family (primarily TRPC1) have also been implicated in Ca 2ϩ entry through the PM in response to ER store depletion (15) . TRPC1 is a nonselective cation channel that is permeable to both Ca 2ϩ and Na ϩ . While STIM1 also interacts with and activates TRPC1, recent data show that activation of TRPC1 by STIM1 first requires the formation of a functional STIM1/Orai1 complex before TRPC1 can be recruited and activated by STIM1 (16, 17) . Furthermore, upon ER store depletion, STIM1 can indirectly activate L-type voltage-activated Ca 2ϩ channels through TRPC-mediated membrane depolarization or downregulate/inhibit Ca 2ϩ entry through the Ca V 1.2 L-type channel (18) (19) (20) , as well as inactivate the plasma membrane Ca 2ϩ pump (PMCA) (21) . Although it has been shown that RV infection and NSP4 expression lead to Ca 2ϩ entry across the PM, the contribution of STIM1 as a Ca 2ϩ sensor in the ER-and PM-localized CRAC channels to the elevated [Ca 2ϩ ]cyto is not known. The ultimate role of SOCE in the RV-induced increase in [Ca 2ϩ ]cyto has been controversial, since the magnitude of Ca 2ϩ entry observed in RV-infected cells is 4-to 6-fold greater than can be induced by full ER store depletion of mock-inoculated cells using TG. Furthermore, an Orai1 CRAC channel blocker, 2-aminoethoxydiphenyl borate (2-APB), only partially blocked RV/NSP4-induced Ca 2ϩ entry (7) . Thus, the role SOCE plays in the NSP4-induced Ca 2ϩ entry pathway remains unclear. The purpose of these studies was to examine whether RV induces SOCE through STIM1 activation due to NSP4 viroporin activity in the ER and to determine the contribution of SOCE to the elevation of [Ca 2ϩ ]cyto in RV-infected cells.
MATERIALS AND METHODS
Cell culture and rotavirus propagation. Human embryonic kidney cells of the HEK293 line, obtained from ATCC, and MA104 African green monkey kidney cells (22) were cultured in Dulbecco's modified Eagle's medium (DMEM) (Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum and maintained in a humidified 95% air-5% CO 2 incubator at 37°C. The SA114F strain of rotavirus was grown in MA104 cells as previously described (23) and trypsin activated with 10 g/ml Worthington trypsin for 30 min at 37°C prior to use.
Antibodies and plasmids. Anti-STIM1 monoclonal antibody was purchased from AbCam (Cambridge, MA) and used as shown in Fig. 1 . An anti-STIM1 polyclonal antibody was purchased from Sigma-Aldrich (St. Louis, MO) and used as shown in Fig. 7 . Anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) and anti-enhanced green fluorescent protein (anti-EGFP) monoclonal antibodies were purchased from Clontech (Mountain View, CA). The antibody to rotavirus NSP4 was the rabbit anti-NSP4 114 -135 peptide described previously (24) . Guinea pig hyperimmune sera prepared against NSP2 and NSP5, purified from Escherichia coli as previously described (25) , were generated by Cocalico Biologicals, Inc. (Reamstown, PA). Yellow fluorescent protein (YFP)-tagged STIM1 plasmid was a kind gift from Tobias Meyer (Stanford University) (26) . NSP4 with a C-terminal red fluorescent protein tag (TagRFP) (Evrogen, Moscow, Russia) was previously described (27) , and PCR-based mutagenesis of this plasmid was used to generate the viroporin-deficient mutant ASDASA, as previously described (8) . The NSP4 ASDASA mutant is referred to here as "NSP4-Mut." Vectors encoding myc-tagged Orai1 (plasmid 21638) and the genetically encoded Ca 2ϩ sensor GCaMP5G (plasmid 31788) were purchased from Addgene (Cambridge, MA). Orai1-RFP was generated by inserting the TagRFP sequence in frame into the XhoI restriction site of the polylinker.
Generation of the YFP-STIM1 stable cell line. HEK293 cells were grown to 70 to 80% confluence in a 25-cm 2 flask and then transfected with the YFP-STIM1 expression vector using Lipofectamine 2000 (Life Technologies), according to the manufacturer's instructions. Transfected cells were selected using 600 g/ml Geneticin (G418; Life Technologies). Selected cells were then enriched for YFP signal by fluorescence-activated cell sorting (FACS) using a BD FACSAria sorter in the Cytometry and Cell Sorting Core at the Baylor College of Medicine. Two separate FACS enrichment steps were performed, and single-cell cloned cell lines stably expressing STIM-YFP were isolated using limiting dilution in 96-well culture plates. Cell viability, growth rate, and the YFP-STIM1 response to TG were used to validate each clone. The cloned cell line, designated "YFP- STIM1 B1," had a good growth rate (data not shown), YFP-STIM1 signal, and response to TG and was therefore expanded to be used as our STIM1 biosensor cell line.
Generation of shRNA knockdown cell lines. Lentivirus vectors encoding either a nontargeted short hairpin RNA (shRNA) or two different STIM1-targeted shRNAs (GIPZ lentivirus shRNA vectors) were purchased from Thermo Scientific (Rockford, IL). MA104 cells were seeded at ϳ2 ϫ 10 5 cells per well in a 24-well plate and the following day were transduced overnight with the GIPZ lentivirus vectors (multiplicity of infection [MOI] of 10) in DMEM with 6 g/ml Polybrene (Sigma-Aldrich). At 24 h postransduction, the cells were washed in DMEM and then cultured in 10% DMEM supplemented with 8 g/ml puromycin (Life Technologies) to select for transduced cells. Cells were visualized for EGFP expression to confirm outgrowth of only lentivirus-transduced cells. Cells were maintained in 8 g/ml puromycin for normal culturing, but puromycin was removed 24 h prior to rotavirus infection. shRNAexpressing cells were infected with trypsin-activated SA114F (MOI of 1) and harvested at 6 or 12 h postinfection (hpi). Progeny virus was recovered by three freeze-thaw cycles and trypsin activated (10 g/ml) for 30 min at 37°C, and the virus yield was determined by fluorescent focus assay (see below). For each experiment, quadruplicate infections were performed.
Immunoblot analysis. Samples were analyzed by immunoblot analysis as previously described (24) . The following antibodies and dilutions were used: anti-STIM1 (AbCam or Sigma) at a dilution of 1:1,000, anti-GAPDH at a dilution of 1:1,000, or anti-EGFP monoclonal antibody at a dilution of 1:1,000 (Clontech) in 0.5% Blotto with 0.02% sodium azide. For detection of STIM1 and GAPDH, membranes were developed using alkaline phosphatase (AP) detection solution (50 mM Tris, 3 mM MgCl 2 , 0.1 mg/ml p-nitroblue tetrazolium chloride, 0.05 mg/ml 5-bromo-4-chloro-3-indolyl phosphate). For anti-EGFP analysis, the membrane was developed with SuperSignal West Pico chemiluminescent substrate (Thermo Scientific) according to the manufacturer's instructions, and the blot was exposed to film for detection.
Confocal and deconvolution microscopy. Cells were seeded onto sterile poly-D-lysine-coated 12-mm-diameter glass coverslips (no. 1.5). At the indicated time posttransfection/infection, cells were fixed with 4% paraformaldehyde in 1ϫ phosphate-buffered saline (PBS) for 30 min and permeabilized with 0.5% Triton X-100 for 10 min. After three washes with PBS, cells were subjected to TOPRO-3 (Invitrogen) staining (1 M) in PBS for 10 min. After being washed with PBS, cells on coverslips were mounted using ProLong Gold antifade reagents (Life Technologies). Mounted slides were observed using a Carl Zeiss LSM 510 META microscope with a 63ϫ oil immersion objective (Carl Zeiss, Inc., Thornwood, NY) or a Nikon A1 confocal microscope with a 60ϫ oil immersion objective (Nikon Instruments, Melville, NY) in multitrack mode. For EGFP/ YFP imaging, cells were excited using a 488-nm laser line, and emissions were collected between 500 and 540 nm. For excitation of TagRFP, a 543 laser line was used, and emissions were collected between 595 and 620 nm. For excitation of TOPRO-3, a 633 laser line was used, and emissions were collected between 650 and 680 nm. Optical slice thickness was kept equal for all channels by varying the pinhole diameter, which was kept as close to 1 absorbance unit (AU) as possible, and pixel dwell time was set at 3.20 s with 8 frames averaged for each slice. Collected images were processed using Zeiss AIM software (Carl Zeiss, Inc.) or Nikon NIS Element (Nikon Instruments) and saved in 12-bit tagged-image format. Deconvolution microscopy was performed on a DeltaVision Core image restoration microscope (Applied Precision, Issaquah, WA). Orthogonal views (z-stacks) were imaged at a 0.3-m separation and a frame size of 1,024 by 1,024 pixels at 1-by-1 binning with an Olympus IX70 microscope using a 40ϫ, 0.95-numerical aperture (NA) Plan Apochromat objective (Olympus, Center Valley, PA) and a Photometrics CoolSnap HQ2 charge-coupled device (CCD) camera. Deconvolution was performed with dedicated software (SoftwoRx version 4.0; Applied Precision), using 5 iterations of the conservative deconvolution method. All observations were carried out in the Integrated Microscopy Core Laboratory at the Baylor College of Medicine.
YFP-STIM1 puncta formation assay. YFP-STIM1 cells were seeded into ⌬T Dishes (Bioptics, Butler, PA) and transfected with plasmids expressing RFP-tagged wild-type NSP4 (NSP4-WT) or mutant NSP4 (NSP4-Mut) RFP-labeled proteins. We quantitated the number of cells containing diffuse or punctate YFP-STIM1 similar to a previously described NSP4/LC3 puncta formation assay (28) . At ϳ20 h posttransfection, random fields from two experiments were imaged by deconvolution microscopy, and the images were collected. Cells with reticular YFP-STIM1 were scored as having no puncta. The majority of cells with NSP4-WT contained between 10 and 30 puncta. However, cells transfected with NSP4-Mut with the presence of even a single YFP-STIM puncta were scored as having puncta.
FFA. Determination of infectious rotavirus yield by fluorescent focus assay (FFA) was performed as previously described (28) . Results are reported as the number of infectious virus per cell.
Calcium imaging. MA104 cells were seeded into ⌬T dishes (Bioptics, Butler, PA) and the next day cotransfected (as described above) with expression vectors for either wild-type or the ASDASA viroporin-deficient mutant NSP4-RFP and the GCaMP5G genetically encoded calcium sensor. GCaMP5G is a next-generation EGFP-based calcium sensor with low fluorescence under basal [Ca 2ϩ ]cyto that dramatically increases its fluorescence upon an increase in [Ca 2ϩ ]cyto (29) . At 24 h posttransfection, the culture medium was replaced with Live Cell Imaging solution (Life Technologies) and imaged using an Olympus IX70 epifluorescence inverted microscope. Baseline GCaMP5G fluorescence was determined, and then extracellular Ca 2ϩ was increased from 1.8 mM to 10 mM while imaging the GCaMP5G signal. ImageJ software was used to define regions of interest and measure the GCaMP5G fluorescence signal. The change in GCaMP5G fluorescence was calculated as the maximum fluorescence divided by the basal fluorescence (F max /F 0 ).
Statistical analysis. Microsoft Excel or GraphPad Prism software was used for statistical analysis. P Ͻ 0.05 was considered a significant difference.
RESULTS

YFP-STIM1 biosensor cell line.
We recently showed NSP4 viroporin activity mediates an increase in [Ca 2ϩ ]cyto during RV infection (8, 27) . To determine whether reduction of the ER Ca 2ϩ store by RV or NSP4 is the ER trigger for SOCE, we generated a cell line stably expressing YFP-STIM1 as a fluorescent biosensor for STIM1 activation. Human embryonic kidney 293 (HEK293) cells were transfected with a vector encoding YFP-STIM1, and stable lines were isolated by G418 drug selection and fluorescence-activated cell sorting (FACS) to positively select for YFP-STIM1-expressing cells. A clonal cell line was established and used as the biosensor cell line in further analyses. This cloned cell line showed stable YFP-STIM1 expression over many cell passages, with a normal growth rate and good cell viability (data not shown). Immunoblot analysis of STIM1 levels from cell lysates of parental HEK293 (H) and YFP-STIM1 (S) cells (Fig. 1A, left) show that both cells express similar levels of endogenous STIM1 (arrowhead), using GAPDH as a loading control (Fig. 1A, right) . In contrast, the YFP-STIM1 cells expressed much lower levels of YFP-STIM1 (asterisk) than endogenous STIM1 (arrowhead), which we confirmed was YFP-tagged STIM1 by immunoblot analysis using an EGFP-specific monoclonal antibody (Fig. 1A, middle) . Finally, we showed that YFP-STIM1 is distributed similarly to endogenous STIM1 by confocal microscopy of cells stained with a STIM1-specific antibody (Fig. 1B) .
ER Ca 2ϩ store depletion induces oligomerization of STIM1, which is visualized as the formation of STIM1 puncta, and move-ment of STIM1 oligomers to ER-PM junctions to engage CRAC channels in the PM (13, 26, 30) . We used the SERCA pump inhibitor TG to reduce ER luminal Ca 2ϩ levels and determine whether YFP-STIM1 puncta were induced in the biosensor cell line (Fig.  2) . Prior to stimulation, YFP-STIM1 showed a diffuse/reticular distribution indicative of ER localization ( Fig. 2A) , but within 5 min posttreatment with 5 M TG, YFP-STIM1 puncta were observed in most cells (Fig. 2B, arrows and inset) . YFP-STIM1 puncta formation continued to increase (15 min) (Fig. 2C) , and by 30 min, nearly all of the YFP-STIM1 localized into the puncta structures (Fig. 2D) . The rapid accumulation of YFP-STIM1 puncta was verified in real time by live cell microscopy after TG treatment, with the first YFP-STIM1 puncta forming at approximately 3 min posttreatment (see Movie S1 in the supplemental material). Next, we assessed the redistribution of YFP-STIM1 to ER-PM junctions upon activation. Mock-or TG-treated YFP-STIM1 cells were stained with wheat germ agglutinin conjugated to Texas Red (WGA-TxRed) to label the PM and were examined by confocal microscopy. In mock-treated cells, few YFP-STIM1 puncta were observed, and orthogonal reconstruction (z-stacks) showed localization of YFP-STIM1 within the cell and no colocalization with the PM (Fig. 3A) ; however, in TG-treated cells, YFP-STIM1 formed puncta that localized in close proximity to the PM, as expected for activated STIM1 (Fig. 3B, arrows) . Lastly, we examined the colocalization of YFP-STIM1 puncta with PM CRAC channels.
Previous studies on the mechanics of SOCE have established that colocalization of STIM1 puncta with Orai CRAC channels equates with activation of calcium entry (12, 13, 26, (30) (31) (32) (33) . Furthermore, while there are CRAC channels other than Orai1 to Orai3, such as select members of the TRPC family, activation of TRPC channels first requires colocalization of STIM1 and an Orai channel before the TRPC channel can be recruited and activated (16, 17) . YFP-STIM1 cells were transfected with a vector encoding RFP-tagged Orai1, the canonical CRAC channel, and were mock or TG treated, fixed, and imaged using confocal microscopy. In mock-treated cells, Orai1-RFP localized to the PM, and the few YFP-STIM1 puncta-likely induced through normal cellular functions-colocalized with Orai1-RFP (Fig. 3C) . In TG-treated cells, activated YFP-STIM1 colocalized with Orai1-RFP in punctate structures at ER-PM junctions, indicative of strong activation of SOCE through TG (Fig. 3D, arrowheads) . Thus, the YFP-STIM1 biosensor cell line responded as expected to ER Ca 2ϩ store depletion and engaged CRAC channels at ER-PM junctions, as has been well characterized in previous studies (30, 32) . These cells are a useful tool to examine whether rotavirus disrupts ER Ca 2ϩ homeostasis and activates SOCE.
Activation of YFP-STIM1 during rotavirus infection. We proposed that the elevation of cytoplasmic Ca 2ϩ in RV-infected cells is due to NSP4 viroporin activity in the ER decreasing ER Ca 2ϩ levels, and the reduced ER Ca 2ϩ level is sensed by STIM1, the cell's endogenous sensor for maintaining a full ER Ca 2ϩ store, which subsequently activates SOCE. We used the YFP-STIM1 biosensor cell line to determine whether STIM1 becomes activated during RV infection. The YFP-STIM1 cells were infected with SA114F rotavirus at a low MOI (MOI of 0.12) to have a limited number of infected cells. At 8 h postinfection (hpi), YFP-STIM1 puncta were observed only in RV-infected cells but not in adjacent uninfected cells, indicating STIM1 is specifically activated during RV infection (Fig. 4A and D) . RV-infected cells were identified by staining with an NSP5-specific antisera (Fig. 4B, arrows) and WGA-TxRed labeling of the PM (Fig. 4C) . We next examined the subcellular localization of the YFP-STIM1 puncta in RV-infected cells (Fig. 4E, asterisk) , and as was observed after TG treatment, the YFP-STIM1 puncta localized to near the PM at the periphery of the cell (Fig. 4E, arrowheads) . To confirm that the YFP-STIM1 puncta in RV-infected cells were localized to ER-PM junctions and colocalized with CRAC channels, we transfected the STIM1 biosensor cells with the Orai1-RFP expression vector and then infected the cells as described above (Fig. 4F to I ). Cells were fixed, stained for NSP2 to identify RV-infected cells, and imaged by confocal microscopy. As before, YFP-STIM1 puncta were only observed in RV-infected cells but not in adjacent uninfected cells (Fig. 4F and G) , even those expressing Orai1-RFP ( Fig. 4F and H,  asterisks) . Furthermore, in RV-infected cells, Orai1-RFP also forms clusters (Fig. 4H) that colocalized with the STIM1 puncta at the PM (Fig. 4I, arrowheads) . Thus, similar to TG treatment, RV infection induces activation of STIM1 and redistribution of STIM1 oligomers to regions of the ER juxtaposed to the PM (ER-PM junctions) to colocalize with PM-localized CRAC channels.
Previous studies showed the formation of NSP4 punctate structures is dependent on elevation of [Ca 2ϩ ]cyto (8, 28, 34) . Therefore, we hypothesize activation of STIM1 should correlate with NSP4 puncta formation because STIM1 activation would activate Ca 2ϩ entry, which would then promote NSP4 puncta formation due to elevated [Ca 2ϩ ]cyto. Using confocal microscopy of RV-infected cells, identified by staining with NSP5-specific antisera, we quantitated the number of infected cells (Ͼ100 cells per time point) with both YFP-STIM1 puncta and NSP4 puncta from 6 to 24 hpi (Fig. 5A) . The background percentage of YFP-STIM1 puncta ranged from 5 to 12% (average, 8.7% Ϯ 2.7%) in uninfected cells (Ͼ750 cells per time point) (Fig. 5A, gray line) . Early during infection, both YFP-STIM1 and NSP4 were primarily reticular (82% [open circles]), with only a few cells showing both punctate YFP-STIM1 and NSP4 (13% [filled circles]). Over the course of the infection, there was a concomitant increase in the number of RV-infected cells with punctate YFP-STIM1 and NSP4 and a decrease in reticular YFP-STIM1 and NSP4 (Fig. 5A) ; however, only minimal colocalization between YFP-STIM1 puncta and NSP4 puncta was observed, despite substantial colocalization between STIM1 and Orai1 (Fig. 5B) . Furthermore, while ) and imaged by confocal microscopy. The merged image shows that while YFP-STIM1 puncta colocalize with Orai1 (yellow), they did not colocalize with NSP4 puncta, which would generate a white signal.
[Ca 2ϩ ]cyto was elevated by 6 to 8 hpi, there was no observed decrease in the percentage of cells with activated YFP-STIM1, suggesting that YFP-STIM1 was constitutively activated and not returning to an inactive reticular resting state. The number of cells with punctate YFP-STIM1 but diffuse NSP4 or diffuse YFP-STIM1 but punctate NSP4 remained low (Ͻ3%) (Fig. 5A, dashed  lines) throughout the infection, further supporting that activation of STIM1 to induce Ca 2ϩ entry underlies the correlation between YFP-STIM1 and NSP4 puncta formation.
NSP4 viroporin activity is required for YFP-STIM1 activation. Induction of STIM1 puncta by RV infection suggests that ER Ca 2ϩ store levels are reduced during RV infection. We have previously shown that expression of recombinant NSP4 in Sf9 insect cells increases Ca 2ϩ permeability of the ER membrane, but not expression of VP7, the only other RV ER-localized protein (4). Recently we identified and characterized a membrane-associated viroporin domain (amino acids [aa] 47 to 90) in NSP4 and showed that mutation of the viroporin domain abolished NSP4-induced elevation in [Ca 2ϩ ]cyto (8) . We hypothesized that direct permeabilization of the ER membrane by NSP4 releases ER luminal Ca 2ϩ , causing STIM1 activation. To test this, we transfected the YFP-STIM1 biosensor cells with expression vectors encoding RFP-tagged wild-type SA11 NSP4 (NSP4-WT) or a viroporindeficient NSP4 mutant (NSP4-Mut), and at 24 h posttransfection, the cells were fixed and imaged by confocal microscopy. Both NSP4-WT and NSP4-Mut are expressed (Fig. 6B versus E) and are stable in transfected cells, as was previously described (8) . However, while NSP4-WT spontaneously forms puncta due to elevated [Ca 2ϩ ]cyto, the NSP4-Mut protein remains reticular because it does not elevate [Ca 2ϩ ]cyto (8) . YFP-STIM1 puncta were observed (Fig. 6A ) only in cells expressing NSP4-WT (Fig. 6B) but not in the adjacent cells lacking NSP4-WT expression (Fig. 6C) . In contrast, no YFP-STIM1 puncta were observed (Fig. 6D ) in cells expressing NSP4-Mut (Fig. 6E) , but instead these molecules colocalized in a reticular pattern, indicating a failure of NSP4-Mut to activate STIM1 (Fig. 6F) . The occurrence of YFP-STIM1 puncta with expression of NSP4-WT or NSP4-Mut were quantitated, and while expression of NSP4-WT induced YFP-STIM1 puncta in 83% of cells, NSP4-Mut-expressing cells had only a 10% incidence of puncta (Fig. 6G) . Thus, the NSP4 viroporin mutant is deficient in triggering YFP-STIM1 activation.
To correlate NSP4 activation of STIM1 with induction of the PM Ca 2ϩ entry pathway and to confirm that the NSP4-Mut failed to induce Ca 2ϩ entry, we performed fluorescence Ca 2ϩ imaging in MA104 cells expressing NSP4-RFP. Cells were cotransfected with vectors encoding RFP alone, as a negative-control vector, RFPtagged NSP4-WT, or NSP4-Mut and the EGFP-based Ca 2ϩ sensor GCaMP5G, which increases its fluorescent emission upon elevation of cytoplasmic Ca 2ϩ , similar to small molecule Ca 2ϩ sensors like Fluo-4 (29) . At ϳ24 h posttransfection, basal GCaMP5G fluorescence was measured, and then extracellular Ca 2ϩ was increased from 1.8 mM to 10 mM while GCaMP5G fluorescence was monitored to assess the change in cytoplasmic Ca 2ϩ . In cells expressing RFP alone, a 1.5-fold average increase in GCaMP5G fluorescence was observed after extracellular Ca 2ϩ was increased to 10 mM (Fig. 6H) . Expression of wild-type NSP4, known to induce a PM Ca 2ϩ entry pathway, resulted in a 2.1-fold average increase in GCaMP5G fluorescence upon elevation of bath Ca 2ϩ (Fig. 6H ). In contrast, cells expressing the viroporin-deficient NSP4-Mut showed no or an attenuated increase in GCaMP5G fluorescence, with a 1.6-fold average increase (range, 1.0-to 3.0-fold), representing a significantly decreased Ca 2ϩ entry compared to that of NSP4-WT (Fig. 6H ) (P Ͻ 0.001), but no significant difference from cells expressing RFP (P Ͼ 0.25). Thus, the viroporin-deficient NSP4 mutant fails to activate STIM1 and does not induce the Ca 2ϩ entry pathway typical of wild-type NSP4-expressing cells. These data indicate a direct correlation between NSP4 viroporin activity and STIM1 activation of Ca 2ϩ entry through CRAC channels, and viroporin activity is the primary mechanism through which NSP4-induced Ca 2ϩ entry is triggered. RNA interference knockdown of STIM1 impairs rotavirus replication. The above data suggest STIM1 is activated upon sensing the NSP4 viroporin-mediated depletion of ER Ca 2ϩ stores, thus triggering Ca 2ϩ influx through PM channels. Gaining access to extracellular Ca 2ϩ is necessary for robust RV replication; therefore, we wondered whether STIM1 is a critical cellular cofactor for RV replication. To test this, we generated STIM1 knockdown cell lines by transduction of MA104 cells with lentivirus vectors expressing either a nontargeted short hairpin RNA (shRNA) or two different shRNAs targeting STIM1. All three cell lines showed normal cell viability by trypan blue exclusion, which was 99% in all three cases (data not shown). Partial knockdown of STIM1 expression was confirmed by immunoblot analysis of cell lysates, showing approximately 49% and 66% decreases in STIM1 in cells expressing shRNA1 and shRNA2, respectively, compared to the nontargeted control cell line (Fig. 7A, upper panel) . An immunoblot for GAPDH was used as a loading control (Fig. 7A, lower  panel) . The lack of complete STIM1 knockdown was not surprising since it has been shown to be an essential protein for cell viability (35) . To determine whether knockdown of STIM1 expression negatively affected RV replication, the cells were infected with SA114F (MOI of 1) and virus yield was determined at 6 and 12 h postinfection. Virus yields were significantly reduced in both STIM1 shRNA cell lines compared to the control nontargeted shRNA cell line at both 6 and 12 hpi (Fig. 7B and C) . At 6 hpi, virus yield was reduced ϳ40% and ϳ80% for STIM1-targeted shRNA1 and shRNA2, respectively. At 12 hpi, RV yield was reduced by ϳ70% and ϳ65% for shRNA1 and shRNA2, respectively. These data demonstrate that even moderate reduction in STIM1 levels significantly reduces RV replication, making STIM1 a critical cellular cofactor for RV replication.
DISCUSSION
We previously showed that NSP4 viroporin activity is the underlying function responsible for the elevation of [Ca 2ϩ ]cyto in RVinfected cells (8) . However, the mechanism by which viroporin activity in the ER activates Ca 2ϩ entry across the PM remained unknown. While insertion of the NSP4 viroporin in the ER seems well suited to directly release ER luminal Ca 2ϩ and activate SOCE, the contribution of SOCE to the elevation in [Ca 2ϩ ]cyto was unclear. To determine whether RV, via NSP4 viroporin activity, reduces ER luminal Ca 2ϩ to activate SOCE, we generated a cell line stably expressing YFP-STIM1 and used this protein as a biosensor to monitor ER Ca 2ϩ store depletion through YFP-STIM1 puncta formation. In both RV-infected and NSP4-WT-expressing cells, YFP-STIM1 was activated and formed punctate structures; however, expression of a viroporin domain mutant failed to substantially activate YFP-STIM1. These data demonstrate that NSP4 viroporin activity in the ER reduces Ca 2ϩ stores below the STIM1 activation threshold, a 35 to 40% decrease in ER Ca 2ϩ store levels (13) , and this is consistent with the ϳ4-fold decrease in agonistreleasable Ca 2ϩ from the ER observed in NSP4-expressing cells (5) . Furthermore, cells expressing the NSP4 viroporin-deficient mutant had no or significantly reduced Ca 2ϩ entry through the PM, indicating that NSP4 viroporin activity in the ER is the initial trigger for the activation of PM Ca 2ϩ influx channels. Finally, STIM1 remained activated throughout the course of RV replication, indicating a chronic depletion in ER Ca 2ϩ . The chronic permeabilization of the ER membrane, by NSP4 viroporin activity, kept ER Ca 2ϩ low, resulting in constitutive activation of YFP-STIM1 and increased Ca 2ϩ influx to maintain the elevated [Ca 2ϩ ]cyto level, which remains elevated for up to 16 h in infected Caco-2 cells (36) . Depletion of ER Ca 2ϩ needed to sustain chronic STIM1 activation seems incompatible with the need for ER Ca 2ϩ to assemble VP7 onto RV particles during morphogenesis. Our recent data showing that NSP4 viroporin activity induces autophagy to traffic NSP4 and VP7 to viroplasms (28) suggests that final virus morphogenesis takes place at discrete ER microdomains, which are likely isolated from the ER-PM junctions that are the sites of Ca 2ϩ entry and resequestration into the ER. This predicts that RV may generate a Ca 2ϩ microdomain within membranes that surround viroplasms, but further investigation is needed to determine how reduced ER Ca 2ϩ , induction of SOCE, and RV assembly are integrated during infection. This is the first report that provides mechanistic insight into virus-induced SOCE and the first demonstration of SOCE activation by a viroporin releasing ER Ca 2ϩ . Previous studies demonstrated that both hepatitis B virus X protein and Epstein-Barr virus latent membrane protein 1 (LMP-1) increase Ca 2ϩ influx through the Orai1 CRAC channel, but in contrast to NSP4, ER Ca 2ϩ stores are not depleted, suggesting a mechanism of activation not involving viroporin activity (37, 38 ]cyto is critical for both RV and picornaviruses, the recent development of specific and selective Orai1 blockers raises the possibility that drugs targeting CRAC channels, rather than individual viral targets, may be effective and broadly active antiviral drugs (40) .
The full contribution of SOCE in the RV-induced Ca 2ϩ influx pathways has been actively debated for a number of years. Early studies showed that the Ca 2ϩ entry pathway has many characteristics of SOCE, including being permeable to other divalent cations (e.g., Ba 2ϩ , Sr 2ϩ , and Mn 2ϩ ) and blocked by La 3ϩ (41) . However, the magnitude of Ca 2ϩ entry in RV-infected or NSP4-expressing cells is up to 6-fold greater than that in control cells treated with agonists (e.g., ATP or TG) to fully deplete ER luminal Ca 2ϩ stores (7) . Thus, the ultimate contribution of SOCE to the elevated [Ca 2ϩ ]cyto was unknown, and the involvement of an alternative store-independent Ca 2ϩ entry pathway directly activated by RV was hypothesized (42) . Here we show that RV induces SOCE, since activated STIM1 puncta at the PM colocalized with the Orai1 CRAC channel in RV-infected cells, which is similar to standard pharmacologically mediated activation of SOCE by treatment of cells with TG or other agonists (12, 26, 30) . These data support early studies on NSP4 (4) and more recent results by Diaz et al., who showed that an Orai1 CRAC channel blocker (2-APB) partially inhibited Ca 2ϩ entry in RV-infected cells (7). However, since only partial inhibition of Ca 2ϩ entry was achieved by blocking Orai1, other non-store-operated channels may also be activated (7). Our results showed that the viroporin mutant NSP4 failed to activate STIM1, suggesting no depletion of ER Ca 2ϩ stores, and essentially no PM Ca 2ϩ entry was observed compared to that in NSP4-WT-expressing cells. These results suggest STIM1 is central to sensing the NSP4-mediated decrease in ER Ca 2ϩ levels and subsequent activation of PM Ca 2ϩ entry. We confirmed that STIM1 is critical for RV replication, since shRNA-mediated knockdown of STIM1 significantly reduced RV yield from MA104 cells. Thus, if store-independent Ca 2ϩ entry channels are activated by NSP4, the viroporin-mediated depletion of ER Ca 2ϩ and STIM1 activation appears to be a necessary initial trigger in the activation of subsequent Ca 2ϩ entry pathways. Based on our current data and the Ca 2ϩ channel blockers previously shown to inhibit NSP4-induced Ca 2ϩ entry, we propose a model (Fig. 8 ) that integrates NSP4 viroporin activity in the ER to Ca 2ϩ influx through several different host PM Ca 2ϩ channels. This model predicts that initial ER Ca 2ϩ release, caused by NSP4 viroporin activity, activates STIM1 due to store depletion and thereby triggers SOCE through Orai1, which we have demonstrated in the present study. Previous work on SOCE suggests that activated STIM1/Orai1 subsequently activates other Ca 2ϩ entry channels (16, 17) .
Our model of NSP4 viroporin-induced Ca 2ϩ entry (Fig. 8) is further supported by previous pharmacological studies showing that different small molecule ion channel inhibitors block Ca 2ϩ entry (to various extents) into RV-infected cells, including 2-APB, KB-R7943, and D600 (7, 41). As stated above, 2-APB is a widely used Orai1 channel blocker that inhibits SOCE when used at a high concentration (Ͼ10 M), so the ability of 2-APB to block NSP4-induced Ca 2ϩ entry (even partially) supports our data that STIM1 activates Orai1 in RV-infected cells to induce Ca 2ϩ entry (7). The same study also suggested that the sodium-calcium exchanger (NCX) is an important route of Ca 2ϩ entry because Ca 2ϩ entry is blocked by KB-R7943, a commonly used blocker of NCX functioning in "reverse mode." Under normal conditions, NCX pumps Ca 2ϩ out of cells using the Na ϩ gradient as the driving force, but if intracellular Na ϩ is elevated, as seen in RV-infected cells, NCX will pump Na ϩ out and bring Ca 2ϩ into the cytoplasm. However, interpretation of KB-R7942-mediated inhibition of Ca 2ϩ entry is complicated by the fact that KB-R7943 also potently blocks TRPC channels with a 50% inhibitory concentration (IC 50 ) similar to that for NCX (43) . Like Orai1, TRPC channels are also gated by STIM1 and are activated in response to ER Ca 2ϩ store depletion, but TRPC activation first requires activation of Orai1 by STIM1 and Ca 2ϩ influx through Orai1 (17) . Since both intracellular Ca 2ϩ and Na ϩ are elevated in RV-infected cells (2), depolarizing the PM, activation of STIM1/Orai1 by NSP4 viroporin activity may also recruit membrane-potential driven Ca 2ϩ channel, such as NCXrev and voltage-activated Ca 2ϩ channels (Fig. 8 ) (44) . The drug D600 is an inhibitor of L-type voltage-activated Ca 2ϩ channels that blocks RV-induced Ca 2ϩ entry (41) , and the L-type ␣1D (Ca V 1.3) Ca 2ϩ channel subunit is upregulated 2.1-fold in rhesus rotavirus (RRV)-infected Caco-2 cells (45) (Fig. 8) . Finally, it is likely that the physiological characteristics of Ca 2ϩ entry will vary from cell to cell due to differences in the repertoire of Ca 2ϩ channels expressed by the cell; however, STIM1 and Orai1 are ubiquitously expressed, and, therefore, this central axis of SOCE is available to be activated by NSP4 viroporin activity in all RV-susceptible cells.
Recruitment of additional Ca 2ϩ channels due to persistent STIM1 activation may explain the exaggerated Ca 2ϩ entry seen in RV-infected cells. NSP4 viroporin activity causes chronic store depletion and/or STIM1 activation, perhaps activating additional Ca 2ϩ SOCE channels (e.g., TRPC) or typically non-SOCE Ca 2ϩ influx pathways (e.g., NCX and L-type channels) to try to replenish Ca 2ϩ stores. This augmented, pathophysiological form of SOCE could explain why Ca 2ϩ entry in RV-infected cells is much greater than normal with SOCE induced by short-term TG treatment (7). Long-term treatment of cells with TG would more accurately mimic the chronic store depletion caused by NSP4, and previous studies using prolonged treatment (Ͼ12 h) with 1 M TG showed a large sustained [Ca 2ϩ ]cyto increase, similar to what is observed in RV-infected cells (46) . Interestingly, prolonged TG treatment ultimately results in Ca 2ϩ -triggered apoptosis, and a recent study showed that elevation in [Ca 2ϩ ]cyto by NSP4 contributes to the induction of proapoptotic proteins, but progression to apoptosis early during infection is blocked by NSP1 (47) .
This report establishes NSP4 viroporin-mediated activation of STIM1 as the initiating trigger for the induction of PM Ca 2ϩ influx into RV-infected cells and demonstrates that NSP4 viroporin activity underlies all of the observed disruptions in cellular Ca 2ϩ homeostasis. Our results also highlight that while multiple Ca 2ϩ entry channels are likely activated in RV-infected cells, activation of these Ca 2ϩ entry pathways is predicated on STIM1 activation by NSP4 viroporin-mediated depletion of the ER Ca 2ϩ stores. This makes NSP4 and other ER-localized Ca 2ϩ viroporins potential tools for dissecting the complexities of SOCE dynamics present during virus infections.
